ESTIMATES OF VERTICAL HYDRAULIC CONDUCTIVITY
AND REGIONAL GROUND-WATER FLOW RATES

IN ROCKS OF JURASSIC AND CRETACEOUS AGE,
SAN JUAN BASIN, NEW MEXICO AND COLORADO

PETER F. FRENZEL AND FORESTP. LYFORD

U.S. GEOLOGICAL SURVEY
Water-Resources Investigations 82-4015

Prepared in cooperation with the

NEW MEXICO BUREAU OF MINES AND MINERAL RESOQURCES
and the

NEW MEXICO STATE ENGINEER OFFICE

1982




UNITED STATES DEPARTMENT OF THE IKTERIOR
JAMES G. WATT, Secretary
GEOLOGICAL SURVEY

Dallas L. Peck, Director

For additional information For sale by:
write to:

Open—-File Services Section

District Chief Branch of Distribution

U.S. Geological Survey U.S. Geological Survey, MS 306
Water Resources Division Box 25425, Denver Federal Center
505 Marquette NW, Room 720 Denver, Colorado 80225
Albuquerque, New Mexico 87102 (303) 234-5888



CONTENTS

Page

Glossary © 0 0 0 00 00 00000000000 0000008000000000000500000000000000000000CISISIIOS vii

Abstract 9 9 0 00 0 00 00 00" OO OGS OO DO S LN PO eSO O SO0 OO SO eSS OSSO Se e 1
INtYodUCLION coceccescccossessssosssoscsoassecssscsscsnssssosscsssssssssnssssces 2
Purpose and SCOPE eesescsscesssssscsscsnscssosssnsssncsssnosssscscnces 2
Setting ® 9 0 0 0 9 00 00O 00O P SO OO PP eSS eNSSNNSeeeNee 2

ACkHOWl ed gIn»ent S ® ® 9 00 O PP PP OO PO PPN PP OO PSSO eSS 4
Geohydrology of the modeled area sc.cececcocesssvcscsscrossccnssossocnss 4
Aquifers ® ® 0 0 9 00 2P 0PSSO OO N OO PSPPSR e eSS Ne e 8

Entrada SandStone c.ceeceeccccescessoscsscscscnscssscsssncsssss 8
Westwater Canyon Member of the Morrison Formation ..cceeeeee.. 10
Gallup Sandstone of the Mesaverde Group .eeceecescescsoscensss 12
Other aquifers in the Mesaverde GrOUD eseeeececscccccccssseness léb

Confining—bed sequUENCeS cesceescsccccscsscsscscssssscascasscnssncssese 14

Rocks directly underlying the Entrada Sandstone ...ccceeceeeee 15
Rocks between the Entrada Sandstone and the Westwater Canyon
Member of the Morrison Formation ...ceecececcccsccccsscacees 15
Rocks between the Westwater Canyon Member of the Morrison
Formation and the Gallup Sandstone of the Mesaverde Group .. 16
Rocks between the Gallup Sandstone and other aquifers in the
Mesaverde GrOUD seececcsccsscscsossnscssscsesssssnssssacnsaassne 17
Rocks above the Mesaverde Group eececeessececscessssccncsanoaneess 17
Hydraulic characteristics of the confining beds ceecvecececees 17

Steady-state Model .c.cceecsscscocscocsccsosscssnscsasssscssesccscssnssssos 18
General ProcCeduUre eeececesecesssososacsssssssassssoscsnsssssssnsssses 18
Model specifications eeeeeeevecsecesosssesssscssssssscscsssssssnssse 19

Boundaries ceeeecceenscsscosscsoscesscssenccccssssnncssncssnnness 19

Aquifers LRI A N A R I R B R A A I I B I A B B B B A A I B IS I I A I I I I R I I B B B NN 21

Confining beds LRGN I B S B A N I IR I A I I A R R A I I I A A A N I I A N ) 22

iii



CONTENTS-concluded

Page

Steady~state model - continued

Calibration © 0 00 0000000000000 0000000000000 00000000000000O0COCRSOGIISROIEOIEOIETOITES 36

Objectives ® 9 © 0 00 0000 00D 00O OO OSSO 0000000 SO SO S0 SN0 NSE SO 36
Adjustments and constraints on adjusStment cececcecccccccscecccces 47
Model_derived flows ® 9 0 5 90000 00O OO OO OO0 S O OO0 OO eSO e DN eSS eSS 47

Sensitivity analySiS © 9 00 0000000000000 0000000060006006000000OCLCLLIOGIESOEOIEOSOS 49

Horizontal hydraulic conductivity ceeecscccscccsscssccsssosssse 49
Overlying land surface .eceeeececceccecccssscssccscsoscssccsccssss Ol
Vertical hydraulic Conductivity ® 0 00 0 00 0O 00 000 00 00O BSOSO EE PSS ST 51

COHCluSionS © 9 00 0 005 0000000 0000000000000 000000000000000000C0C0CO0CO0CSLIOCEOCESIEEIEEOSIOTIEOSTES 55

Selected references ® 00 0000000000000 0000000000000000000000°0000CROGCRRGCESIOSIOIOITOSTIES 56

Figure 1.

ILLUSTRATIONS

Map showing location of study 4rea .eccecececccecccccescccccccecece 3
Generalized geologic section of the San Juan Basin ceeeeeecee 5

Diagram showing the relation between geologic units and
model layers ® 9 0 9 0 000000000800 S0 0 S0 0000 S e NS00SO ESES PSSO 6

Map showing generalized pattern of ground-water flow
(arrows) in rocks of Jurassic and CretaceouS age eceeccesssss 7

Maps showing outcrop area and hydraulic characteristics of
the:

5. Entrada SandsStOnNe eeeeccsecccscscsccssccsscsscsscsscsccsscss 9

6. Morrison Formation ® 9 0 00 OO0 00 00O 0O OO OO0 Os 0O eSS S ll
7. Gallup Sandstone of the Mesaverde Group eeesesccsssscoe 13

iv



Figure 8.

9.

10.

11-15.

16.

17.

18.

19.

20.

ILUSTRATIONS-continued

Page

Diagram showing general model approach for simulating
measured head differences between aquifers in artesian
areas and measured heads in outcrop areaSeescescesececeecss 20

Map showing assigned hydraulic characteristics and model-
derived flow rates for layer 1 (Entrada Sandstone) eseceses 23

Map showing assigned hydraulic characteristics for layer 2
(Confining-beds) ® 0 000 00 OO0 S OO OO0 SO S0 P O PO 0PSO 00l N0t 25

Maps showing assigned hydraulic characteristics and model-
derived flow rates for:

11. Layer 3 (Westwater Canyon Member of Morrison
Formation) S S 0 000 000 00 00 000 0 00O 0PSO OO O Oe OO P00l e e 27

12. Layer4 (confining-beds) ® 0 0 0 0 0006000605 0 006006060 000606000 000 29
13. Layer 5 (Gallup Sandstone and Mancos Shale) ..eeeeceos 31

14, Layer 6 (aquifers and confining beds in the middle
part of the Mesaverde Group) eeceeeecscessessscccess 33

15. Layer 7 (aquifers and confining beds in the upper
part of the Mesaverde Group) eeceeescecssccosscsceces 35

Graph showing model-derived and measured heads for model
layers 1, 3, and 5 along section A-A' ...ecevecsscseessss 37

Map showing model-derived potentiometric surface for
layer 1, selected measured heads for the Entrada
Sandstone, and location of section A-A' ....cec0000000000 39

Map showing model-derived potentiometric surface for
layer 3, selected measured heads for the Morrison
Formation (assumed to apply to the Westwater Canyon
Member), and location of section A-A' ....cceceeecccnsess 41

Map showing model-derived potentiometric surface for
layer 5, selected measured heads for the Gallup
Sandstone, and location of section A~A' ...ceccceensescse 43

Graph showing correlation of model-derived heads to
measured heads ® 9 O 06006060 006006060060 00 60 0060660000600 060 000000900 900 45



IWLUSTRATIONS-concluded

Page
Figure 21. Diagram showing results of sensitivity tests in terms
of measured and model-derived heads at model row 17,

column 13, and total flow at constant-head nodes «seeeeeee 50

22. Map showing constant-head nodes added to layer 7 to
approximate the overlying land-surface boundary .eeeeeses 52

TABLES

Table 1. Approximate density corrections to head data in the vicinity
of Chaco Canyon National Monument seececscessssesssscssccses 46

2. Flow rates at constant—-head nodes for river drainage basins
and model layers ® 8 &9 5005 00O HSOL SN OSSNSO NISOSESSOENESENSSEDSDS 48

vi



GLOSSAR Y

The following technical terms are used in this report:

Confining bed A confining bed is a body of '"impermeable" material
stratigraphically adjacent to one or more aquifers. In nature, however,
hydraulic conductivity of confining beds may range from nearly zero to some
value distinctly less than that of the aquifer.

Hydraulic head (L) The hydraulic head is the height above a standard
datum of the surface of a column of water that can be supported by the static
pressure at a given point. The standard datum in this report is sea level.
Hydraulic head is referred to as head in this report.

Hydraulic conductivity (LT"l) Hydraulic  conductivity is the
characteristic of a medium that allows it to transmit, in unit time, a unit
volume of ground water at the prevailing viscosity through a cross section of
unit area, measured at right angles to the direction of flow, under a
hydraulic gradient of unit change in head through unit length of flow.

Sea level Sea level is the term used in this report for the National
Geodetic Vertical Datum of 1929, a geodetic datum derived from a general
adjustment of the first-order level nets of both the United States and
Canada, formerly called mean sea level.

Specific capacity (LZT'I) Specific capacity is the rate of discharge of
water from a well divided by the drawdown of water level within the well.

Transmissivity (LZT'l) The transmissivity of an aquifer is the rate at
which water of the prevailing viscosity is transmitted through a unit width
of the aquifer under a unit hydraulic gradient. It is equal to the thickness
of the aquifer multiplied by the hydraulic conductivity. (Conversely, the
horizontal hydraulic conductivity in a model layer is the transmissivity of
the aquifer that is represented divided by the thickness of the layer.) An
approximation of transmissivity (in feet squared per day) can be obtained by
multiplying the specific capacity (in gallons per minute per foot of
drawdown) by 200.

vii



CONVERSION FACTORS

Measurements in this report are given in inch-pound units only. The
following table contains factors for converting these units to metric units.

Multiply inch-pound unit By To obtain metric unit

inch 25.40 millimeter

foot 0.3048 meter

foot per second +3048 meter per second

foot squared per day .0929 meter squared per day

cubic foot per second .02832 cubic meter per second

acre 4,047 square meter

mile 1.609 kilometer

gallon per minute .06309 liter per second

gallon per minute per foot .20699 liter per second per
meter

viii



ESTIMATES OF VERTICAL #HYDRAULIC CONDUCTIVITY
AND REGIONAL GROUND-WATER FLOW RATES
IN ROCKS OF JURASSIC AND CRETACEOUS AGE,
SAN JUAN BASIN, NEW MEXICO AND COLORADO

by Peter F. Frenzel and Forest P. Lyford

ABSTRACT

The San Juan structural basin in northwestern New Mexico was modeled in
three dimensions using a finite-difference, steady-state model. The modeled
space was divided into seven layers of square prisms that were 6 miles on a
side in the horizontal directions. In the vertical direction, the layers of
prisms ranged in thickness from 300 to 1,500 feet. The model included the
geologic section between the base of the Entrada Sandstone and the middle of
the Lewis Shale. Principal aquifers in this section are mostly confined and
include the Entrada Sandstone, the Westwater Canyon Member of the Morrison
Formation, and the Gallup Sandstone in the lower part of the Mesaverde Group.

Values for vertical hydraulic conductivities from 10712 o 10711 foot
per second for the confining layers gave a good simulation of head
differences between layers, but a sensitivity analysis indicated that these
values could be between 10 and 100 times greater. The model-derived
steady-state flow was about 30 cubic feet per second. About one-half of the
flow was in the San Juan River drainage basin, about one-~third in the
Rio Grande drainage basin, and one-sixth in the Puerco River drainage basin.



INTRODUCTION

Purpose and Scope

The demand for water in the San Juan structural basin of northwestern
New Mexico increases with the development of energy resources. Because the
surface waters in this area are fully appropriated, much of the increase will
need to be obtained from ground-water sources. In anticipation of continued
increasing demands for water and attendant impacts on the ground-water and
surface-water resources, a project was started during 1974 by the U.S.
Geological Survey in cooperation with the New Mexico Bureau of Mines and
Mineral Resources and the New Mexico State Engineer Office. The purposes of
that project were to determine the general availability of ground water in
the San Juan structural basin and to evaluate possible effects of
ground-water development on ground-water and surface-water supplies.

The project has resulted in several reports including one by Stone and
others (1983), which is the project's major report, and those by Lyford
(1979) and by Lyford, Frenzel, and Stone (1980). This report is the final
report to be prepared by the Geological Survey for the project.

A three-dimensional, digital-flow model with seven layers was
constructed to approximate steady-state conditions during this part of the
project. The primary purpose of the model was to provide estimates of
leakage between aquifers and of total inflow and outflow through rocks of
Jurassic and Cretaceous age.

Setting

The modeled area includes most of the San Juan structural basin in New
Mexico and Colorado (fig. 1). Prominent geographical features around the
perimeter of this area include the San Juan and La Plata Mountains in
Colorado; the Carrizo Mountains, Chuska Mountains, and Defiance uplift along
the New Mexico and Arizona border; the Zuni Mountains on the southwest, and
the Rio Puerco fault belt and Nacimiento wuplift on the east. Annual
precipitation ranges from 6 inches near the central part of the area to more
than 20 inches in mountainous parts. Population centers include Durango and
Cortez in Colorado, and Farmington, Shiprock, Gallup, and Grants in New
Mexico. Industrial developments include two large coal mimes near Farmington
that supply coal to nearby power plants; a large coal mine near Gallup;
numerous uranium mines concentrated in the Laguna, Grants, and Gallup areas;
oil and gas production; and the Navajo Indian Irrigation Project near
Farmington, which eventually may include 110,000 acres of irrigated land.
Many other uranium and coal mines are proposed.
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GEOHYDROLOGY OF THE MODELED AREA

A generalized geologic section of the San Juan Basin 1is shown in
figure 2, The model emphasizes the interval between the base of the Jurassic
Entrada Sandstone and the middle of the Cretaceous Lewis Shale. This interval
has been divided into the seven model layers that will be discussed in the
section "Steady-state model.” The principal rock units 1in each model layer
are shown in figure 3.

The major aquifers in the stratigraphic interval included in the model
are the Entrada Sandstone and Westwater Canyon Member of the Morrison
Formation of Jurassic age, and the Gallup Sandstone and some younger
sandstones of the Mesaverde Group of Cretaceous age (figs. 2 and 3). Where
these aquifers crop out, water 1s unconfined, but in most of the basin each
aquifer is confined and separated from the others by shale beds.

Generally, the flow of water (fig. 4) in rocks of Jurassic and Cretaceous
age 1s from recharge areas 1in the highlands around the edges of the basin
toward streams that leave the basin to the northwest, southwest, and
southeast. The rate of flow through the basin is small. Generally,
discharges from the bedrock to the rivers are small, difficult to separate
from flow derived from other sources, and, to date, have not been successfully
measured by stream-gaging techniques.

The possible existence of vertical flow of water through confining beds
is indicated by head differences of 100 feet between major aquifers, as
measured in the area near Chaco Canyon National Monument (fig. 4). Springs
are evidence of vertical flow in the Rio Puerco fault belt in the southeast
and near the western end of the Hogback monocline in the northwest. Springs
are associated with volcanic intrusives near the Cebolleta Mountains in the
southeast and south of Shiprock in the northwest. Minor faults exist,
especially between Crownpoint and Bluewater in the south, but it is not known
if vertical ground-water flow is assoclated with these fractures.
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The following discussion is mainly from Lyford (1979), who described the
general hydrology; Stone (1979), who described the 1lithology of measured
sections; and Ridgley and others (1978), who summarized the stratigraphy of
the San Juan Basin. The head, transmissivity, and specific—capacity data are
taken from Stone and others (1983).

Aquifers

There are four major aquifers in the modeled interval. These aquifers
are described in ascending order.

Entrada Sandstone

The Entrada Sandstone, present throughout the basin, is nearly 420 feet
thick near the center of the basin (Ridgley and others, 1978). Stone (1979)
noted a thickness of 236 feet or more at a site (T. 15 N., R. 11 W.) between
Crownpoint and Ambrosia Lake. The Entrada Sandstone consists of well-sorted,
fine- to medium—-grained sandstone with interbedded siltstone and mudstone.
Transmissivity values range from less than 50 feet squared per day near the
outcrops on the southern and western sides of the study area to about
400 feet squared per day near Chaco Canyon National Monument (J. W. Shomaker,
consulting geologist, written commun., 1974). The water-level altitude in
wells completed in the Entrada is about 90 feet lower than the water-level
altitude in wells in the overlying Morrison Formation in the Chaco Canyon
area (J. We Shomaker, oral commun. , 1977). Transmissivity and
specific—-capacity values are shown in figure 5. Selected head values for the
Entrada Sandstone and other aquifers are reported, for convenience, in the
part of the report where the model is described. Storage-coefficient values
are not reported because they are not needed for a steady-state model.

EXPLANATION FOR FIGURE 5

OUTCROP OF ENTRADA SANDSTONE--(Dane and Bachman, 1965)

Jes 4e WELL-Upper number is transmissivity, in feet squared per day,
0.02 e indicates estimated from specific capacity, ? indicates
° calculations were made from incomplete data; lower number

is specific capacity, in gallons per minute per foot of draw-
down; Jcs indicates well also may be completed in Cow Springs
Sandstone
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Westwater Canyon Member of the Morrison Formation

The Westwater Canyon Member of the Morrison Formation (or its
equivalents) is present throughout the area, ranges in thickness from 100 to
400 feet, and consists predominantly of sandstone and conglomeratic sandstone
with minor siltstone and claystone. The more permeable material is in the
southwestern part of the area. The transmissivity of the entire Morrison
Formation ranges from less than 50 feet squared per day in the northeastern
part of the area to about 500 feet squared per day in the south-central part
(fig. 6). The Westwater Canyon Member is the most permeable unit in the
Morrison Formation; therefore, transmissivity values measured by aquifer
tests usually pertain to the Westwater Canyon Member.

EXPLANATION FOR FIGURE 6

OUTCROP OF MORRISON FORMATION-- »%%3 WELL--Upper number is trans-
(Dane and Bachman, 1965) "7 missivity, in feet squared per
day, ? indicates calculations
e wueem = APPROX IMATE BOUNDARY BETWEEN were made from incomplete data;
TRANSMISSIVITY ZONES lower number is specific
capacity, in gallons per minute
60-100 RANGE OF TRANSMISSIVITY, IN FEET per foot of drawdown

SQUARED PER DAY

NOTE: Transmissivity zones represent regional interpretations and do not
necessarily fit individual control points.

10
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Gallup Sandstone of the Mesaverde Group

The Gallup Sandstone is the lowest unit in the Mesaverde Group. It is
about 260 feet thick near Gallup but thins to the northeast where the main
sandstone body pinches out into the Mancos Shale. The Gallup Sandstone is a
complex sequence of sandstone, shale, and coal beds. Transmissivity values
range from less than 100 feet squared per day near where the main body of the
sandstone ends to 350 feet squared per day in the southwest, where it is the
main source of water for the city of Gallup (fig. 7).

EXPLANATION FOR FIGURE 7

OUTCROP OF GALLUP SANDSTONE--(Dane and Bachman, 1965)
omml%g- WELL--Upper number is transmissivity, in feet squared per day;
? indicates calculations were made from incomplete data; lower
number is specific capacity, in gallons per minute per foot of

drawdown; Kcd - well is also completed in Dalton Sandstone
Member of the Crevasse Canyon Formation

———= = — APPROXIMATE BOUNDARY BETWEEN TRANSMISSIVITY ZONES

§0~100 RANGE OF TRANSMISSIVITY, IN FEET SQUARED PER DAY

NOTE: Transmissivity zones represent regional interpretations and do not
necessarily fit individual control points
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Other aquifers in the Mesaverde Group

The principal water-yielding sandstones of the Mesaverde Group above the
Gallup Sandstone are, in ascending order, the Dalton Sandstone Member of the
Crevasse Canyon Formation, the Point Lookout Sandstone, sandstones of the
Menefee Formation, and the Cliff House Sandstone.

The Dalton Sandstone Member of the Crevasse Canyon Formation crops out
in the southern and southwestern parts of the area and intertongues north-
eastward with the Mancos Shale. At a site 10 miles northeast of Gallup (in
sec. 2, T. 16 N., R. 17 W.), the Dalton is 270 feet thick and consists of
mostly fine-grained, moderately sorted sandstone with intertonguing shale
(Stone, 1979).

The Point Lookout Sandstone, present throughout the area, 1is about
120 feet thick in the southeastern part of the area, thickening to 380 feet
in the northeastern part. It is mostly medium— to fine-grained sandstone
with some shale.

The Menefee Formation, also present throughout the area, consists of
fluvial sandstone, shale, and coal. From near Crownpoint to the northeast,
its outcrop is a wedge that thickens to about 2,000 feet near the Chaco
River. Farther to the northeast the formation thins and intertongues with
the overlying Cliff House Sandstone.

The Cliff House Sandstone ranges in thickness from less than 100 feet in
the northeastern part of the area to about 1,000 feet in a band from
southeast to northwest across the middle of the area. It intertongues to the
southwest with the underlying Menefee Formation and to the northeast with the
overlying Lewis Shale. The Cliff House consists of medium—- to fine-grained
sandstone,

The transmissivity for the Mesaverde Group, excluding the Gallup
Sandstone, ranges from less than 25 feet squared per day in the northeast to
100 feet squared per day in the southwest. Regional values of transmissivity
are difficult to assign because of the discontinuous character of the
sandstones.

Confining—-bed sequences
The four principal aquifers lie between, and interfinger with, the five

confining-bed sequences. The confining~bed sequences are described in
ascending order.
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Rocks directly underlying the Entrada Sandstone

Underlying the Entrada Sandstone are, in ascending order, the Chinle
Formation and the Wingate Sandstone. The Chinle Formation is mostly mudstone
and siltstone and ranges in thickness from 100 feet in the northeast to 1,500
feet in the southwest (Jobin, 1962, fig. 12). The Wingate Sandstone, present
only in the west, thins eastward from the Chuska Mountains where it may be as
much as 550 feet thick (Harshbarger and Repenning, 1954; Harshbarger,
Repenning, and Irwin, 1957; and Ridgley and others, 1978). The more
permeable upper part of the Wingate Sandstone is made up of fine- to very
fine grained sandstone and ". . . will yield only small quantities of water
to a well . . ." (Harshbarger and Repenning, 1954).

Rocks between the Entrada Sandstone and the
Westwater Canyon Member of the Morrison Formation

The confining-bed sequence between the Entrada Sandstone and the
Westwater Canyon Member of the Morrison Formation includes, in ascending
order, the Todilto Limestone, Summerville Formation, Bluff Sandstone, Cow
Springs Sandstone, and the Salt Wash and Recapture Members of the Morrison
Formation (fig. 3). The combined thickness of these rocks generally is about
500 feet.

Immediately overlying the Entrada Sandstone, the Todilto Limestone is
present throughout the area. The thickest section is in the eastern one-half
of the area where a gypsum/anhydrite facies in the upper part of the Todilto
is as much as 100 feet thick. The presence of gypsum and anhydrite may
indicate little interaquifer movement of water in the eastern one-half of the
basin. The limestone facies is present throughout most of the area. It
generally is in the lower part of the unit and is as much as 30 feet thick
(Green and Pierson, 1977, p. 151).

The Summerville Formation, which overlies the Todilto, also is present
in most of the area. The Summerville ranges in thickness from 10 to 60 feet
and consists mostly of silty sandstone, sandy siltstone, and mudstone.

The Bluff Sandstone overlies the Summerville. Present mainly in the
northwestern part of the area, the Bluff is about 375 feet thick in Utah and
thins to the southeast. It is about 30 feet thick in the area between the
Four Corners and the Chuska Mountains. It is fine- to medium—grained
sandstone.

The Cow Springs Sandstone intertongues with the Bluff Sandstone. The
Cow Springs is present only in the southwestern part of the area, is as much
as 440 feet thick, and thins to the north and east. It consists of medium-
to fine-grained sandstone.
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The Salt Wash Member of the Morrison Formation overlies the Bluff
Sandstone and intertongues with the overlying Recapture Member of the
Morrison Formation. The Salt Wash is present in the northwestern part of the
area, 1is as much as 300 feet thick, and consists of very fine grained
sandstone, siltstone, and claystone. The Recapture Member of the Morrison
Formation is present throughout the area, ranges in thickness from 125 to 300
feet, and is made up of fine-grained sandstone, siltstone, and mudstone.

Rocks between the Westwater Canyon Member of the
Morrison Formation and the Gallup Sandstone of the Mesaverde Group

The confining~bed sequence between the Westwater Canyon Member of
Morrison Formation and the Gallup Sandstone includes the Brushy Basin Member
of the Morrison Formation, the Dakota Sandstone, and the lower part of the
Mancos Shale (fig. 3).

The Brushy Basin Member of the Morrison Formation overlies and inter-
tongues with the Westwater Canyon Member. The Brushy Basin 1is present
throughout the area, except in the southwest where it has been removed by
pre-Dakota erosion. It 1is greater than 400 feet thick 1in places, but
generally is about 185 feet thick. Mostly, it is very fine grained sandstone
and montmorillonitic silty claystone. However, in the eastern and
northeastern parts of the area, it includes the Jackpile sandstone (informal
usage), which is coarser grained.

The Dakota Sandstone overlies the Brushy Basin and 1is as much as
350 feet thick. It 1is lenticular and consists of conglomeratic sandstone,
carbonaceous shale, coal, and medium—- to fine-grained sandstone. The
lenticularity of the Dakota Sandstone is assumed to cause it to have a low
regional transmissivity.

The Mancos Shale is mostly shale and siltstone with lesser amounts of
limestone, sandstone, and bentonite. Between the Dakota and Gallup Sand-
stones, the lower part of the Mancos Shale ranges in thickness from about 500
to 1,000 feet (Molenaar, 1977). Toward the northeast, beyond the area of the
main body of the Gallup Sandstone (fig. 7), the Mancos Shale is more than
2,000 feet thick. Although the Mancos Shale 1is considered to have fairly
uniform hydraulic characteristics, parts of the Mancos were assigned to model
layers 4, 5, and 6 (See fig. 3 and the section on '"Model specifications").
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Rocks between the Gallup Sandstone and
other aquifers in the Mesaverde Group

Throughout most of its area, the Gallup Sandstone is separated from the
other aquifers in the Mesaverde Group (fig. 2) by as much as 1,000 feet of
Mancos Shale. However, in the south, the Gallup Sandstone is overlain by the
Crevasse Canyon Formation of the Mesaverde Group, which contains
intertonguing sandstone and shale deposits. In this area, the Gallup
Sandstone is separated from the Dalton Sandstone Member of the Crevasse
Canyon Formation by the Dilco Coal Member of the Crevasse Canyon Formation
(Molenaar, 1977). The Dilco Coal Member contains about 25 percent medium— to
fine-grained sandstone and 75 percent carbonaceous shale in a 176-foot
thickness at a site due west of Ambrosia Lake and due north of Bluewater
(T. 14 N., R. 11 W.) (Stone, 1979).

Rocks above the Mesaverde Group

The Lewis Shale overlies the Cliff House Sandstone in the upper part of
the Mesaverde Group. The Lewis Shale increases in thickness from where it
pinches out near Burnham to about 2,600 feet in the northeast. It consists
predominantly of gray-to-black shale with thin beds of sandstone and
limestone.

Hydraulic characteristics of the confining beds

The hydraulic characteristics of the confining beds are largely unknown.
The following reported test data may indicate possible vertical hydraulic
conductivity values for the rocks involved.

J. W. Shomaker (written commun., 1978) tested the permeability of the
Summerville Formation at a well 6 miles east of Chaco Canyon National
Monument. Core analyses using an 8,000 milligrams-per-liter solution of
sodium chloride as the testing fluid gave permeabilities ranging from
3.9 x 1078 to 6.1 x 10™° millidarcy (1.1 x 10713 to 1.7 x 10712 foot per
second at 60° F). The tested section was described as a fine- to very fine
grained, well to moderately indurated sandstone with a porosity ranging from
1.6 to 6.3 percent. Bredehoeft and Hanshaw (1968, p. 1,101) reported
hydraulic conductivities for compacted shale ranging from 2.0 x 10712 ¢4
6.0 x 10710 centimeter per second (6.6 x 10714 "to 2.0 x 10711 foot per
second). Young, Low, and McLatchie (1964, p. 4,239-4,240) reported that for
some Cretaceous rocks of western Canada, siltstones and sandstones have
permeabilities measured perpendicular to the bedding ranging from 1077 to
10™4 millidarcy (2.8 x 10715 to0 2.8 x 10712 foot per second at 60° F).
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STEADY-STATE MODEL

General procedure

The three-dimensional flow model was used to provide estimates of the
steady-state rate of flow through the rocks in the geologic section
previously described and estimates of the vertical hydraulic conductivities
of the major confining-bed sequences in this geologic section.

The computer program used in this study 1is described in Posson and
others (1980). The program uses the strongky implicit procedure of Stone
(1968) to solve the finite-difference approximation of the following partial
differential equation of ground-water flow in three dimensions:

0 oh 0 oh 0 dh oh

a—— KX — + —-— Ky — + - Kz - = SS —_— W (X’y,z,t)

ox ox dy oy oz oz at

where

Kys Ky, Kz are the hydraulic conductivities in the x, y, and z
directions (LT‘l);

h is the head (L) above a standard datum;

Sg is the specific storage w1 (Specific storage
was zero for this steady-state application); and

Wi(x, y, z, t) is the volumetric flux per unit volume (T~1) (such

as discharge from a well). The W term was zero in
this model.

The modeling procedure consisted of three steps: (1) Specification of
the steady-state model; (2) calibration of the steady-state model; and (3) a
sensitivity analysis of the calibrated model. The sensitivity analysis was
designed to assess the accuracy of the model-derived values of vertical
hydraulic conductivity.

Specification of the steady-state model mainly consisted of three steps:
(1) Assigning layers of the model to the aquifers and confining beds;
(2) defining the recharge-discharge boundary as a constant-head surface that
was equal to the altitude of the land surface; and (3) assigning values of
hydraulic conductivity.

In general, the calibration procedure attempted to minimize differences

between the measured and model-derived potentiometric surfaces by adjusting
aquifer and confining-bed properties and boundary conditions in the model.
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The major effort in the calibration was to adjust vertical hydraulic
conductivity values until the measured head differences between aquifers were
simulated for an area (right side of fig. 8) located relatively distant
horizontally from the land-surface boundary (outcrop area--left side of
fig. 8)., Heads at locations near the land-surface boundary (left side of
fig. 8) were simulated by adjusting the values of the constant-head nodes in
the outcrop area.

The sensitivity analysis consisted of four basic steps. First, in view
of the data available, a range of ''reasonable" values for each hydraulic
characteristic was determined. Second, the calibrated model was altered,
setting the value of each hydraulic characteristic (except vertical hydraulic
conductivity), one at a time, at the maximum value of its range and then at
the minimum value. Third, vertical hydraulic conductivity was investigated,
narrowing the range of possible values, Fourth (referring back to the second
step) the effects of possible errors in certain hydraulic characteristics on
estimates of vertical hydraulic conductivity were investigated.

Model specifications

The finite-difference scheme requires that the modeled space be divided
into layers of prisms. In the vertical direction, seven layers of prisms
approximated the geologic units between the base of the Entrada Sandstone and
the top of the Mesaverde Group (fig. 3). The layers ranged in thickness from
300 to 1,500 feet, Each layer consisted of 720 prisms, 24 prisms to a row in
the east-west direction and 30 prisms to a column in the north-south
direction. Each prism was 6 miles on a side in each horizontal direction.
The center point of a prism is called a node.

Boundaries

Although each layer of the model contained 720 prisms, not all of these
prisms were "active'; that is, not all prisms were defined as having water
movement. The number of active prisms ranged from 317 in layer 7 to 528 in
layer 2.

In each layer, the 1inactive prisms (those with zero hydraulic
conductivity) form a no-flow boundary around the active prisms. This
boundary 1is also referred to as the "extent of layer" in figures 9-15. In
the northwest, where the deeper geologic units extend slightly beyond the
modeled area, constant—-head nodes approximate flow across the "extent of
layer" boundary. In addition, a no—flow boundary was defined at the top of
layer 7 and at the bottom of layer 1! (fig. 3). All non-zero flow rates were
model derived and occurred at constant-head nodes.
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A constant-head boundary immediately inside the no-flow boundary was
specified for each layer in outcrop areas except layer 2. Layer 2 was
excluded because of its relatively narrow outcrop and low horizontal
hydraulic conductivity with respect to overlying and underlying layers. The
heads for these constant-head nodes initially were selected from streambed
altitudes and later adjusted during calibration. In addition, several
constant-head nodes were specified in layers 1 and 3 along the northwestern
edge of the modeled area near Four Corners to approximate underflow from the
modeled area into Utah, which is outside the no-flow boundary. The head
values in these nodes were selected from streambed altitudes along the San
Juan River and its tributaries in Utah.

Aquifers

The distribution of horizontal hydraulic conductivity values in each
layer of the model generally is patterned after the transmissivity
distribution for the corresponding aquifer because hydraulic conductivity is
equal to transmissivity divided by aquifer thickness. The vertical hydraulic
conductivity values were derived during model calibration and are explained
in the section "Adjustments and constraints on adjustment.”

The distribution of horizontal hydraulic conductivity in layer 1
(representing the Entrada Sandstone) is shown in figure 9. A comparison of
the three peripheral transmissivity values with the value near Bisti (fig. 5)
suggests a larger horizontal hydraulic conductivity toward the center of the
basin, but the distribution needs to be estimated without supporting geologic
data. The effect of temperature on hydraulic conductivity provides a
rationale for the distribution. Temperature increases with depth; the effect
of higher temperature, all other things being equal, would result in an
increase in hydraulic conductivity where an aquifer i1is deeply buried.
Therefore, the general distribution of hydraulic conductivity (fig. 9) was
determined on the basis of depth of burial. Temperature gradients were
reported by Reiter and others (1975). The gradients and depth of burial
would support a threefold increase in the 2zone of larger hydraulic
conductivity compared to the zone of smaller hydraulic conductivity shown in
figure 9. In contrast, a much larger increase (tenfold or more) is indicated
by the somewhat questionable data in figure 5. Thus, the final values used
(fig. 9) reflect an intermediate sevenfold increase.

The distribution of horizontal hydraulic conductivity in 1layer 3
(fig. 11), representing the Westwater Canyon Member of the Morrison
Formation, generally is patterned after the transmissivity distribution in
figure 6. The largest transmissivity values in figure 6, in the southeastern
part of the area, are not thought to be regionally significant.

The wvalues and distribution of horizontal hydraulic conductivity in

layer 5 (fig. 13), representing the Gallup Sandstone, are patterned after the
values and distribution of transmissivity in figure 7.
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The distribution of horizontal hydraulic conductivity in layers 6 and 7
(figs. 14 and 15) are patterned after the values and distribution shown in
figure 8 of Lyford (1979) for part of the Mesaverde Group. Layers 6 and 7
represent parts of the Mancos Shale, Mesaverde Group, and Lewis Shale. The
values of horizontal hydraulic conductivity of layers 6 and 7 are not
important to this particular model because of the coincidence of these layers
with much of the area of the constant-head land-surface boundary. Thus, the
ma jor effect of these two layers on this model is that of a confining bed
where vertical hydraulic conductivity dominates flow.

Confining beds

The values of horizontal hydraulic conductivity (10‘8 and 10~7 foot per
second) for confining beds of layers 2, 4, and parts of 5 and 6 (figs. 10
and 12-14) were estimated from published descriptions of the geology. The
geologic units represented by these layers are shown in figure 3. The effect
of errors in the horizontal hydraulic conductivity of confining beds was
considered in the sensitivity analysis. Vertical hydraulic conductivity
values for confining beds were determined during calibration.

EXPLANATION FOR FIGURE 9

LAYER THICKNESS IS 300 FEET

e NO-FLOW BOUNDARY--Extent of layer

/| NODE WITH Kz = 5 x 10, NEAR HOGBACK MONOCLINE

780 CONSTANT-HEAD NODE--Top number is altitude,
0.27 in feet, divided by 10; bottom number is
flow rate,in cubic feet per second, positive
value indicates inflow; negative, outflow

HYDROLOGIC CHARACTERISTICS

T=20, Kxy = 7.7 x 107, Kz = 1.5 x 1070

T =150, Kxy = 5.8 x 1076, Kz = 1.2 x 10°°

where: T = Transmissivity, in feet squared per day

Kxy = Horizontal hydraulic conductivity,
in feet per second

Kz = Vertical hydraulic conductivity,
in feet per second
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Figure 9.--Assigned hydraulic characteristics and model-derived flow

rates for layer 1 (Entrada Sandstone).
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EXPLANATION FOR FIGURE 10

LAYER THICKNESS IS 500 FEET

Swssm—»  NO-FLOW BOUNDARY--Extent of layer

/| NODE WITH Kz = 5 x 10°2, NEAR HOGBACK MONOCLINE

HYDROLOGIC CHARACTERISTICS

............

........... T=0.43, Kxy = 1 x 10'8, Kz = 1x 1072

T=043 Key=1x107, Kz=1x 107"

where: T = Transmissivity, in feet squared per day

Kxy = Horizontal hydraulic conductivity,
in feet per second

Kz = Vertical hydraulic conductivity,
in feet per second
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EXPLANATION FOR FIGURE 11

LAYER THICKNESS IS 300 FEET

s  NO-FLOW BOUNDARY--Extent of layer

H NODE WITH Kz = 5 x 109, NEAR HOGBACK MONOCLINE

630 CONSTANT-HEAD NODE--Top number is altitude,
—.20| In feet, divided by 10; bottom number is
flow rate, in cubic feet per second, positive
value indicates inflow; negative, outflow

HYDROLOGIC CHARACTERISTICS

T=25 Kxy =9.6 x 1077, Kz = 9.6 x 107"
[TTITIIT) 7= 100 o = 3.9 x 10°8, ke = 3.3 x 100
[777777) T =200, kxy = 7.7 x 10°, Kz = 7.7 x 1070

TISSSSS] T = 250, Kxy = 9.6 x 1078, Kz = 9.6 x 10710
where: T = Transmissivity, in feet squared per day

Kxy = Horizontal hydraulic conductivity,
in feet per second

Kz = Vertical hydraulic conductivity,
in feet per second
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for layer 3 (Westwater Canyon Member of Morrison Formation).
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EXPLANATION FOR FIGURE 12

LAYER THICKNESS IS 500 FEET

ommmssm— NO-FLOW BOUNDARY--Extent of layer

/| NODE WiTH Kz = 5 x 10°9, NEAR HOGBACK MONOCLINE

780 CONSTANT-HEAD NODE--Top number is altitude,

0.0i in feet, divided by 10; bottom number is
flow rate, in cubic feet per second, positive

value indicates inflow; negative, outflow

HYDROLOGIC CHARACTERISTICS

T = Transmissivity, in feet squared per day

Kxy = Horizontal hydraulic conductivity,
in feet per second

Kz = Vertical hydraulic conductivity,
in feet per second
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Figure 12.--Assigned hydraulic characteristics and model-derived flow

rates for layer 4 (confining beds).
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EXPLANATION FOR FIGURE 13

LAYER THICKNESS IS 700 FEET

emmwssme® NO-FLOW BOUNDARY--~Extent of layer

H | NODE WiTH Kz = 5 x 10°2, NEAR HOGBACK MONOCL!INE

490 CONSTANT-HEAD NODE--Top number is altitude,
-.0l in feet, divided by 10; bottom number is
flow rate, in cubic feet per second, positive
value indicates inflow; negative, outflow

HYDROLOGIC CHARACTERISTICS

T =100, Kxy = 1.6 x 1076, Kz = 1.6 x 10710

7] T = 200, Ky

where: T = Transmissivity, in feet squared per day

1 x 108, Kz=1 x 10712

3.3 x 106, Kz = 3.3 x 10710

Kxy = Horizontal hydraulic conductivity,
in feet per second

Kz = Vertical hydraulic conductivity,

in feet per second
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Figure 13.--Assigned hydraulic characteristics and model-derived flow rates

for layer 5 (Gallup Sandstone and Mancos Shale).
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EXPLANATION FOR FIGURE 14

LAYER THICKNESS IS 1000 FEET

ommssmm— NO-FLOW BOUNDARY--Extent of layer

H | NODE WITH Kz = 5 x 10, NEAR HOGBACK MONOCLINE

720 CONSTANT~HEAD NODE--Top number is altitude,
0.00 in feet, divided by 10; bottom number is
flow rate, in cubic feet per second, positive
value indicates inflow; negative, outflow

HYDROLOG!IC CHARACTERISTICS

T=0.8, Kxy = 1 x 108 Kz = 1 x 1072

T=130, Kxy = 1.2 x 10 Kz = 1.2 x 1070

where: T = Transmissivity, in feet squared per day

Kxy = Horizontal hydraulic conductivity,
in feet per second

Kz = Vertical hydraulic conductivity,
in feet per second
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Figure 14.--Assigned hydraulic characteristics and model-derived flow rates

for layer 6 (aquifers and confining beds in the middle part of

the Mesaverde Group).
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EXPLANATION FOR FIGURE 15

LAYER THICKNESS IS 1500 FEET

emmm——— NO-FLOW BOUNDARY--Extent of layer

/| NODE WITH Kz = 5 x 10°9, NEAR HOGBACK MONOCLINE

720 CONSTANT-HEAD NODE--Top number is altitude,
0.36 in feet, divided by 10; bottom number is
flow rate, in cubic feet per second, positive
value indicates inflow; negative, outflow

HYDROLOG!IC CHARACTERISTICS

T = Transmissivity, in feet squared per day

Kxy = Horizontal hydraulic conductivity,
in feet per second

Kz = Vertical hydraulic conductivity,
in feet per second
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for layer 7 (aquifers and confining beds in the upper part of the

Mesaverde Group).

35



Calibration

The values of some hydraulic characteristics were derived during
trial-and-error calibration. The final results of model calibration are
shown in figures 9-15.

Objectives

The objectives of calibration, in order of importance, were to find a
combination of values such that:

(1) The model-derived and measured head differences between aquifers

would match reasonably well in areas distant from outcrops
(middle of fig. 16); and

(2) the model-derived potentiometric surfaces would match the measured
head values reasonably well on a regional scale (figs. 17-19).

The degree of success in meeting these objectives may be judged in view of
the scale of the problem and the accuracy of the measured data.

Given the scale of the problem, a difference of as much as 150 feet
between a model-derived potentiometric surface and a corresponding measured
head at any one place is considered a ''good fit" because that difference is a
small percentage of the total range of heads measured in the study area.
Even larger differences are considered acceptable in mountainous areas near
the edge of the basin. The high degree of correlation between the measured
and model-derived heads is shown in figure 20.
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HEAD, IN FEET ABOVE SEA LEVEL

A
60071 T T T T T T T T T T T T T T 1
CHACO CANYON
6800 (- NATIONAL MONUMENT .
6700 - * -
6600 |-
6500 -
6400
63001
EXPLANATION
6200 - MEASURED HEADS
X Entrada Sandstone
6100 — ® Westwater Canyon Member of the
Morrison Formation
6000 |- © Gallup Sandstone
Jb May also be completed in other
5900 members of the Morrison
Formation and Bluff Sandstone
5800 MODEL-DERIVED HEADS (curves)
1 - Layer 1 (Entrada Sandstone)
5700 3 - Layer 3 (Westwater Canyon Member of i
the Morrison Formation)
5 - Layer 5 (Gallup Sandstone)
5600 —
0 10 20 30 MILES
5500 3 .
O 10 20 30 40 50 KILOMETERS
5400 T L L I I I N I [
woe o ~~ ®o o 2 Zym T2 e B 2 2 3
Sz &M & v © ~ N~ @0 8 o g o §
NODE LOCATION ( ROW COLUMN)

Figure 16.--Model-derived and measured heads for model layers

1, 3, and 5 along section A-A'.
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EXPLANATION FOR FIGURE 17

¢ 6868(63)RD—DRILL-STEM TEST = 6800~ WATER-LEVEL CONTOUR FOR MODEL-DERIVED
\ POTENTIOMETRIC SURFACE--Contour
\\\\__—T593§TED (Guyton and Associates, interval 200 feet. Datum is sea level
YEAR OF WATER-LEVEL MEASUREMENT, NO-FLOW BOUNDARY--Extent of layer
1963
[}
WATER-LEVEL ALTITUDE, IN FEET Ar——A SECTION

ABOVE SEA LEVEL--"a' indicates
altitude is corrected for density
WELL

NOTE: Contours may not fit control points because the model-derived potentiometric surface
was developed primarily by matching head differences between aquifers and second-
arily by matching measured heads (see '"Calibration").
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Figure 17.--Model-derived potentiometric surface for layer 1,
selected measured heads for the Entrada Sandstone,

and location of section A-A'.
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EXPLANATION FOR FIGURE 18

*6755a(32) Kd—WELL ALSO OBTAINS WATER FROM 6360 HEAD, IN FEET ABOVE SEA LEVEL
DAKOTA SANDSTONE \ SPRING OR RIVER
Jb  WELL ALSO OBTAINS WATER FROM
BLUFF SANDSTONE =600 == WATER-LEVEL CONTOUR FOR MODEL-DERIVED

POTENTIOMETRIC SURFACE--Contour

Js  MELL ALSO OBTAINS WATER FROM interval 200 feet. Datum is sea level.

SUMMERVILLE FORMATION

YEAR OF WATER-LEVEL MEASUREMENT,  esmsssmmes NO-FLOW BOUNDARY--Extent of layer
1932

) WATER-LEVEL ALTITUDE, IN FEET
ABOVE SEA LEVEL--'"3a" indicates

\ altitude is corrected for density
WELL

NOTE: Contours may not fit control points because the model-derived potentiometric surface
was developed primarily by matching head differences between aquifers and secondarily
by matching measured heads (see ''Calibration'').
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EXPLANATION FOR FIGURE 19

e 66160(72)—YEAR OF WATER-LEVEL MEASUREMENT, «— 6600— WATER-LEVEL CONTOUR FOR MODEL-DER!VED
POTENTIOMETRIC SURFACE--Contour interval

1972

WATER-LEVEL ALTITUDE, IN FEET 200 feet. Datum is sea level.
_—alliaglt H

ABOVE SEA LEVEL--"a" indicates  _ No-FLOW BOUNDARY--Extent of layer

altitude is corrected for density

WELL A+ A SECTION

 6680—HEAD, IN FEET ABOVE SEA LEVEL
SPRING OR RIVER

Contours may not fit control points because the model-derived potentiometric surface
was developed primarily by matching head differences between aquifers and secondarily

by matching measured heads (see ''Calibration'').

NOTE :
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The accuracy of the measured-head data pertains to how well the data
represent true steady-state conditions in the ground-water system. It was
assumed that the ground-water system was at steady state before any pumping
began, so the data were selected to best represent prepumping conditions.
Errors due to short-term pumping, seasonal effects, and density effects could
be as much as several tens of feet. Throughout most of the study area,
errors of this magnitude are not significant with respect to the scale of the
problem. However, in the area near Chaco Canyon, where the differences in
head between aquifers were critical to this modeling approach, the head data
were corrected as much as possible for the density effects of temperature and
salinity. The data and results of these corrections are shown in table 1.
The assumptions and methods for making density corrections are described in
the following paragraph.

The length of the water column within an aquifer was assumed to be
insignificant because it generally was less than 10 percent of the total
column length. Thus, the water column (B in table 1) in each instance
extended from the top of the aquifer to the pressure gage for flowing wells
or to the water level in the one nonflowing well. A correction for salinity
was calculated by taking the specific gravity at 68° Fahrenheit (A) minus 1
times the 1length of the water column (B). Thus, the correction due to
salinity was (A-1)B. An average temperature (Tavg) was estimated by assuming
that, at the time of water-level measurement, the water column had cooled
from the measured temperature (T) throughout the entire water column to a
temperature half-way between T and the ambient rock temperature. The ambient
rock temperature was assumed to vary linearly from 60° Fahrenheit at the top
of the water column near land surface to T at the bottom of the water column.
That is, the temperature of the water column at the time of water-level
measurement was assumed to vary linearly from a value of T - (T-60)/2 at the
top of the column to T at the bottom for an average (Tavg) of T - (T-60)/4.
A specific gravity was calculated by dividing the density of pure water at
the average temperature (C) by the density of pure water at 68°. From this,
a temperature correction was calculated, (C-1)B, for each water column. The
salinity and temperature corrections were added to the measured water-level
altitude to obtain approximate corrected heads.
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Figure 20.--Correlation of model-derived heads to measured heads.
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Ad justments and constraints on adjustment

Boundaries.--During calibration, some of the constant-head values were
respecified to correspond better with measured heads in or near outcrop
areas. Where respecified, values of constant-head nodes that simulated
inflow (recharge) to the model were constrained to be equal to or 1less than
the land-surface altitude. Conversely, in outflow (discharge) areas, values
were constrained to be equal to or greater than the altitude of the land
surface.

Aquifers.--The horizontal hydraulic conductivities in aquifer layers were
kept approximately within ranges consistent with the transmissivity ranges
shown in figures 5-7. The vertical hydraulic conductivity in the area along
the western end of the Hogback monocline (fig. 9-15) was not constrained. It
was adjusted to simulate the water—-level altitudes in the vicinity south and
west of Shiprock. In the rest of the modeled area, for convenience, the
vertical conductivity was a multiple of the horizontal conductivity; for
simplicity, the ratio of vertical to horizontal conductivity for the aquifers
was assumed to be about the same as the ratio for the confining beds because
both the aquifers and confining beds consist of thick sequences of sandstones
and relatively impermeable shales.

Confining beds.——Horizontal hydraulic conductivity in the confining beds was
not adjusted during calibration based on the assumption that greater
horizontal hydraulic conductivity in the aquifers would dominate the
horizontal flow of the system. (The effect of horizontal hydraulic
conductivity in the confining-bed sequences was tested in the sensitivity
analysis.) Vertical hydraulic conductivities in the confining beds were not
constrained.

Model-derived flows

The model-derived rate of flow through the structural basin was about
30 cubic feet per second; the total flow is arranged in table 2 by drainage
basin and by 1layer. (All flows occur at constant-head, land-surface
boundaries.) In table 2, the inflow is the recharge to the modeled system at
constant-head nodes, and the outflow is the .discharge at constant-head nodes.
Approximately one-half of the total inflow and outflow took place in the San
Juan River drainage basin, one-third took place in the Rio Grande drainage
basin, and one-sixth took place in the Puerco River drainage basin. The
drainage basins and flows at individual constant-head nodes are indicated in
figures 9-15. Inflow equals outflow for the system as a whole. The general
direction of flow through the model has an upward component although the
hydraulic gradient implies downward flow in the central part of section A-A'
(fig. 16) between layers 5 and 1. Upward flow is implied between layers 5
and 7 (figs. 15 and 19). The general directions of horizontal flows
indicated by the model-derived heads are similar to those shown in figure 4.
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Table 2.—Flow rates at constant—head nodes for river drainage basins and

model layers

[All flow rates are given in cubic feet per second.

positive and outflows are negative.
about 30 cubic feet per second.]

Total inflow

Inflows are

total outflow =

Model layers

Total rate

by drainage

Drainage basin 1 2 3 4 5 6 7 basin
San Juan River 2.66 0 2.80 0.03 1.94 0.30 6.68 14.41
-.54 0 -1.97 -.02 =2.43 -=3.01 -9.99 -17.96
Rio Grande .34 0 2.21 .02 .73 2.63 2.66 8.59
-.55 0 -1.72 0 -.98 -1.67 -2.49 -7.41
Puerco River .25 0 1.42 0 2.36 .99 .35 5.37
Total rate 3.25 0 6.43 0.05 5.03 3.92 9.69 28.37
by layer -1.25 0 -4.,73 -.02 =4,53 =5.34 -12.48 -28.35
Sum of totals
by layer 2.00 0 1.70 0.03 0.50 =1.42 -2.79
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Sensitivity analysis

The objectives of the sensitivity analysis were to determine plausible
ranges of vertical hydraulic conductivities and of flow through the basin.
For the sensitivity tests, selected hydraulic characteristics were varied
within ranges that were judged to be reasonable on the basis of the available
geologic and hydrologic data. An example of the sensitivity test at one
location is shown in figure 21.

Measured heads are shown 1in figure 21 for the Entrada Sandstone,
Westwater Canyon Member of the Morrison Fofmation, and Gallup Sandstone at
the location of model row 17, column 13. They are the lines labeled Je, Jmw,
and Kg. Also shown are heads from the calibrated model at the same location
for layers 1, 3, and 5 (lines labeled 1, 3 and 5). The lines labeled A, B,
and C indicate the heads calculated by the model when each of the noted
characteristics was changed. A flow rate that may be compared with the total
flow of table 2 (30 cubic feet per second) is shown for each change. The
location of row 17, column 13 was selected because the model was more
sensitive to Thydraulic characteristics (especially vertical hydraulic
conductivity) at that location than at other locations where measured heads
exist. In most of the other locations, the model-derived heads were more
sensitive to the head values in the constant-head boundary than to any other
characteristic. As stated previously, primary emphasis was given to matching
head differences rather than actual heads.

In the following discussion, the heads derived from the calibrated model
are referred to by their layer number (1, 3, or 5). The heads that result
from the sensitivity test in question are referred to by letter (A, B, and C
for layers 1, 3, and 5, respectively).

Three of the questions addressed in the evaluation of effects of each
change shown in figure 21 are: (1) What is the overall effect in qualitative
terms; (2) do any of the model-derived heads A, B, or C match the
corresponding measured heads better thah the heads 1, 3, or 5, respectively;
and (3) how do the differences between heads A, B, and C compare with the
differences between heads 1, 3, and 5 and between the measured heads?

Horizontal hydraulic conductivity

Changes to horizontal hydraulic conductivity in layer 1 generally had
great effect, but the changes did not improve the match between model-derived
and measured heads. For example, when one value of hydraulic conductivity
was used uniformly throughout the whole layer, the differences between heads
A and B was about zero, and both heads were too high when compared to the
measured heads for the Entrada and Westwater.
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Multiplying the horizontal hydraulic conductivities of layers 2 and 4 by
50 caused a great effect. The values of A, B, and C matched the measured
heads better than 1, 3, and 5; but the differences between A, B, and C were
greater than between 1, 3, and 5, as well as between the measured heads.

Most of the changes of horizontal hydraulic conductivity in layers 3, 5,
6, and 7 had relatively little effect (as compared to changes of other
hydraulic characteristics). An exception is the case in which the horizontal
hydraulic conductivity of layer 5 was reduced to one-half of the wvalue that
it had in the calibrated model. In that case, head C was closer to the
measured head than was head 5, but heads A and B were not greatly affected.

Overlying land surface

In the area where the geologic units represented by layer 7 dip beneath
younger rocks (fig. 2), the model is bounded on the upper side of layer 7 by
a no—-flow boundary; for that area in the calibrated model, it is assumed that
no hydraulic connection exists between the modeled rocks and the overlying
land surface. To test the effect of this assumption, the opposite assumption
was made. A constant-head boundary was placed in layer 7 corresponding to
the water-level altitudes in stream channels on the overlying land surface.
The locations of the constant-head nodes and their head values are shown in
figure 22. The effect of this change was great. The heads A, B, and C (fig.
21) matched the measured heads better, but the differences between A, B, and
C were greater than the differences between 1, 3, and 5.

Vertical hydraulic conductivity

With respect to vertical hydraulic conductivity, the match of the
differences between the model-derived heads to differences between measured
heads is considered more important than the match of the heads themselves.
For example, if vertical hydraulic conductivity values were too great, the
differences between the model-derived heads would be less than those between
the measured heads.

Multiplying the vertical hydraulic conductivity (K') by 2 in the Hogback
monocline area, in all layers, had a relatively small effect at row 17,
column 13. The head differences increased and the heads were somewhat closer
to the measured heads. However, the doubling of vertical hydraulic
conductivity had its greatest effect in the vicinity of the Hogback monocline
near row 10, column 5 of layer 3; the calibrated-model head of 5,510 feet was
nearly equal to the measured head of 5,503 feet, but the head derived with
the larger vertical hydraulic conductivity was 100 feet lower.
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Smaller vertical hydraulic conductivity (K' x 0.5) in the Hogback
monocline area yielded a model-derived head of 5,650 feet, which was somewhat
too great at that location. At row 17, column 13, the heads A, B, and C
(fig. 21) were farther from the measured heads than were heads 1, 3, and 5;
the differences between A, B, and C were less than the differences between 1,
3, and 5.

Another series of tests was conducted to determine the effect of
changing vertical hydraulic conductivity. The values were changed throughout
the entire area of the model except for the Hogback monocline area.

Changing vertical hydraulic conductivities for all layers to one-
thousandth of those of the calibrated model had a large effect. Head A came
closer to the measured head, but heads B and C were farther from the measured
heads than were 3 and 5. The differences between heads A, B, and C were
about 50 percent greater than between 1, 3, and 5. About the same effect
took place when vertical hydraulic conductivities were changed to one-tenth
of those of the calibrated model. This similarity indicates that if the
actual vertical hydraulic conductivities are less than one-tenth of those of
the calibrated model, the model would be nearly insensitive to vertical
hydraulic conductivity, and each aquifer layer probably could be modeled
separately.

When vertical hydraulic conductivities were changed to 10 times those of
the calibrated model, the effect was great. Although B was closer to the
measured head than was head 3, the heads A and C were much farther from the
measured heads than were heads 1 and 5. The differences between the heads A
and B were much less than the measured differences, and head C was much too
low (less than A or B). A similar but greater effect resulted from changing
vertical hydraulic conductivities to 100 times those of the calibrated model.

At this point in the analysis, it was tentatively concluded that the
actual vertical hydraulic conductivities between layer 5 and the land-surface
boundary in layers 6 and 7 could not be as great as 10 times those of the
calibrated model. Therefore, in the following tests, only the vertical
hydraulic conductivities of layers 1-4 were changed.

When the vertical hydraulic conductivities of layers 1-4 were 10 times
those of the calibrated model, the differences between heads A, B, and C were
not quite as large as the differences between the measured heads, but the
results were inconclusive. It was hypothesized that this change could be
tested in combination with changes in certain other hydraulic
characteristics, which caused the differences in heads between layers to
become greater (especially changes I, II, and III in fig. 21). These tests
were made and the results (not shown) also were inconclusive.
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Changing the vertical hydraulic conductivities of 1layers 1-4 to
100 times those of the calibrated model caused a great effect (change IV in
fig. 21). The heads A, B, and C were clustered much too closely together at
a value about that of the measured head in the Gallup Sandstone. It was
tentatively concluded that the vertical hydraulic conductivities of layers
1-4 probably should not be as great as 100 times those of the calibrated
model. To strengthen this conclusion, changes I, II, and III in figure 21
were made in combination with change IV. The heads resulting from each
combination were almost the same as from change IV.

The rate of flow through the model with each change is shown on the
right-hand side of figure 21. The lowest rate of flow, 25 cubic feet per
second, was derived when the horizontal hydraulic conductivity of layer 3 was
one-half that of the calibrated model. The highest rate of flow, 84 cubic
feet per second, occurred when the horizontal hydraulic conductivities of
layers 6 and 7 were multiplied by 5. The derived flow rates for most of the
changes (excluding those tests where vertical hydraulic conductivities were
increased by 100-fold) were between 25 and 37 cubic feet per second.
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CONCLUSIONS

This model has provided estimates for the vertical hydraulic
conductivities of major confining-bed sequences in the San Juan Basin.
Values from 10712 to 10~1l foot per second gave a good simulation of head
differences between model layers. The maxXimum, however, may be as great as
10~9 foot per second in layer 2. The ratio of assigned horizontal hydraulic
conductivities in aquifers to model-derived vertical hydraulic conductivities
in confining-bed sequences generally ranged from 104 to 106. The model also
gave an estimate of about 30 cubic feet per second for the flow of water
through the rocks of Jurassic and Cretaceous age.

The accuracy of these estimates 1is dependent on how well the model
approximates the natural system. The closeness of approximation is indicated
by the closeness of fit of simulated to measured heads and of simulated-to-
measured head differences that occur between aquifers in the center of the
basin. In the sensitivity analysis, this closeness of fit was affected more
by adjusting some hydraulic characteristics than by adjusting others. The
accuracy of the model output, therefore, could be improved by narrowing the
ranges of reasonable values for the following hydraulic characteristics: The
magnitude and distribution of horizontal hydraulic conductivity for layer 1;
horizontal hydraulic conductivities for sandstones in the confining beds
represented by layers 2 and 4; vertical hydraulic conductivity for the
Hogback monocline area; and the degree of hydraulic connection between the
land surface and the modeled aquifers. Data that might better define this
hydraulic connection with the land surface include head data for the Gallup
Sandstone, the other units of the Mesaverde Group, and the lower part of the
Tertiary section. In general, more head and transmissivity data for all
geologic units in the middle part of the basin would allow the calibration of
the model to more closely simulate the natural system.

The results of this steady-state model may be useful in
non-steady-state, stress-response models. In order to substantiate any
stress models on a regional basis, water levels and withdrawals from all
aquifers would need to be monitored. Also, the vertical hydraulic
conductivities derived from this model apply to thick sequences of confining
beds and may not apply to specific thinner beds. For example, the vertical
hydraulic conductivity of layer 4 may be more applicable to the Mancos Shale
than to the Brushy Basin Member of the Morrison Formation.
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